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ABSTRACT 
The use of composite materials is becoming increasingly widespread in many aeronautical 
applications. The improved endurance and corrosion resistance are few of the advantages 
they can offer, compared to the conventional isotropic solutions. In this context, the research 
team led the design and manufacturing of carbon fiber-reinforced composite panels, 
including different filler infusions based on carbon nanotubes (CNTs) technology. The vibro-
acoustic tests have been carried out on several samples for the characterization of the 
damping as well as the transmission loss properties related to such micro-handling 
treatments. The results obtained in such framework allowed for highlighting that, in order to 
achieve the best overall vibro-acoustic behaviour, an optimum compromise can be achieved, 
targeted to suitably combine the various chemical and structural characteristics of the 
analysed specimens.  
 
Keywords: Aviation, Composite, Nanotechnology, Resin infusion, Smart materials. 
 
1 INTRODUCTION 
Lightweight composites based on thermosetting and thermoplastic polymers reinforced with 
different carbon nanoparticles, such as Carbon Nanotubes (CNT), are increasingly adopted for 
the fabrication of multifunctional components in different industrial sectors, such aeronautic 
automotive and microelectronic. For example, nanocomposites based on thermosetting resins 
are replacing traditional materials in structural applications due to their high fracture 
toughness against impact damages, easy processability and shaping possibilities, resistance to 
several aggressive environments [1]. Moreover, filled polymers can be designed to have 
specific and tailored properties, thus offering many advantages in comparison to conventional 
materials based on electro-active polymers or piezoelectric ceramics, which present different 
limitations due to their fragility, non-negligible weight and high voltage or current required 
for their proper use. Therefore, nanocomposites able to measure their own strains through 
variation in electrical resistance even at very low operating voltage, lead to the availability of 
sensor with customized features, design flexibilities and employable even in very harsh 
environments [2-4]. Strain sensors, which measure the deformation of the attached objects, 
are widely used in many industrial and research applications. It is especially important to have 
accurate and stable deformation measurement in some aerospace technology applications [5]. 
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There are numerous reports in the literature on the use of CNTs to augment mechanical 
properties of composite materials, and these reports have focused primarily on static strength, 
stiffness and fracture toughness. By contrast, the number of publications dealing with 
dynamic mechanical properties of CNT-reinforced composites is much smaller [6]. In recent 
years, significant studies have been carried out to investigate and improve the acoustic 
properties of filled or reinforced polymer composites: previous studies showed that foaming 
and the use of nano-particles such as CNTs improved the soundproofing properties of 
different composites [7]. An ever greater interest has been directed towards the dynamic 
characterization of nanotubes in recent years. The phenomenal damping characteristics of 
carbon nanotube reinforced polymer composites are attributed to the interfacial stick slip 
mechanism. An analytical approach for the definition of interfacial-stick-slip-based damping 
mechanism for multi-walled carbon nanotube (MWNT) reinforced polymer composites has 
been proposed in [8]. High damping can be therefore achieved by taking advantage of the 
interfacial friction between the nanotubes and the polymer resin. In addition, the CNT’s large 
aspect ratio and high elastic modulus features allow for the design of such composites with 
large differences in strain between the constituents, which could further enhance the 
interfacial energy dissipation ability [9].  Advances in nanofabrication mean that it is now 
possible to explore damping in systems with one or more atomic-scale dimensions. Eichler et 
al. have detected a close dependency of damping on the amplitude of motion, and can be 
described by a nonlinear rather than a linear damping force. Damping has an important impact 
on the dynamic behaviour of nanoelectromechanical systems (NEMS), and this influences the 
performance of NEMS-based devices in fundamental tests of quantum theory and also in 
applications such as mass and force sensing [10]. Furthermore, the effects of the addition 
small amount of CNTs and Nano-Silica on the sound absorption were investigated. The 
experiments were carried out on a polyurethane foam [11]. The present work deals with the 
experimental characterization of both dynamic and sound insulation properties of different 
composite specimens modified with biomimetic treatments, Figure 1. 
 
  
(a) Sample LS2 (b) Sample LS4 
  
(c) Sample 43-1 (d) Sample E2 
 
Figure 1: Carbon-epoxy panels analysed. 
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2 MATERIALS FORMULATION 
2.1 Material preparation 
2.1.1 Sample E2 
The epoxy matrix was prepared by mixing an epoxy precursor, tetraglycidylmethylene 
dianiline (TGMDA) (epoxy equivalent weight 117–133 g/eq), with an epoxy reactive 
monomer 1-4 butanediol diglycidyl ether (BDE) that acts as a reactive diluent. The curing 
agent investigated for this study is 4.4-diaminodiphenyl sulfone (DDS). The epoxy mixture 
(T20BD) was obtained by mixing TGMDA with BDE monomer at a concentration of 
80%:20% (by wt) epoxide to flexibilizer. The hardener agent was added at a stoichiometric 
concentration with respect to all the epoxy rings (TGMDA and BDE).  The MWCNTs (3100 
Grade) were obtained from Nanocyl S.A. Transmission electron microscopy (TEM) 
investigation has shown for the CNTs a diameter around 20 nm. Epoxy blend and DDS were 
mixed at 120 °C and the MWCNTs were added and incorporated into the matrix by using an 
ultrasonication for 20 min. An ultrasonic device, Hielscher model UP200S (200 W, 24 kHz) 
was used. Epoxy resin was filled with MWCNTs at 0.5% concentration w/w%. This 
concentration was chosen because the curves of dc volume conductivity vs. CNTs 
concentration highlighted that the electrical percolation threshold (EPT) is lower than 0.3 %.  
CFRCs were manufactured by Resin Film Infusion (RFI) elsewhere described [12]. 
2.1.2 Sample 43-1 
GPOSS in the form of viscous liquid was dispersed in the epoxy mixture T20BD at 
concentration of 5 wt%. The dispersion process was consisting in 20 min ultra-sonication at 
90°C followed by magnetic stirring at 120°C. The Epoxy blend and DDS were mixed at 120 
°C, and MWCNTs were added and incorporated into the matrix by using ultra-sonication for 
20 min. CFRCs were manufactured using a unusual bulk infusion technique as described in 
Ref. [12-13]. 
2.1.3 Sample LS4 
Same formulation as Sample 43.1  
CFRCs were manufactured using an unusual bulk infusion technique as described in Ref. [12-
13]. 
2.1.4 Sample LS2 
The hardener agent which was made of 53.3% of DDS and 46.7% of bis (3-aminophenyl) 
methyl phosphine oxide (BAMPO) was added at a stoichiometric concentration with respect 
to all the epoxy rings (TGMDA and BDE).  
CFRCs were manufactured by Resin Film Infusion (RFI) elsewhere described [12]. 
 
2.2 Curing cycle for impregnation 
Impregnation conditions and curing Cycle of CFRC panels is shown in Figure 2. 
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Figure 2: Impregnation conditions and curing cycle. 
 
 
The characteristic of the panels (main dimensions, configuration/lamination, carbon fabric 
woven) made with the different formulation are indicated in Table 1. 
 
 
Panel Lay-up Fabric Dimensions (mm) 
LS2 8 plies (0-90)n 
Sigmatex (UK) 193 GSM g/m2  
PWHTA40 E13 3K (3000 fibers each tow) 
400⤫420⤫1.6 
LS4 8 plies (0-90)n Hexcel GO 814 PW 410⤫410⤫2 
43-1 16 plies (0-90)n 
Sigmatex (UK) 193 GSM g/m2  
PWHTA40 E13 3K (3000 fibers each tow) 
325⤫345⤫4.1 
E2 8 plies (0-90)n 
Sigmatex (UK) 193 GSM g/m2  
PWHTA40 E13 3K (3000 fibers each tow) 
179⤫359⤫2 
Table 1: Characteristics of the Carbon panels. 
 
3 VIBRO-ACOUSTIC CHARACTERIZATION 
The vibration tests, according to the impact technique [14], were carried out on the four 
samples in order to estimate the modal parameters, and in particular the damping ratio. The 
test item has been tied by means of two very soft springs at the test rig, so as to be as close to 
a free-free constraint condition, Figure 4. A PCB tri-axis accelerometer has been placed in a 
fixed point of the structure, while a PCB microphone on a tripod at about 30 cm from the 
central point of the surface. The acquisitions were performed in the range [0; 200 Hz], 
recording the Frequency Responses Functions (FRF) following impulsive excitations on a 
reference grid defined on the panel (roving hammer), Figure 4. In such a way, the 
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reconstruction of the mode shapes has been elaborated at the end of the test. A high damping 
ratio has been observed for the LS2 specimen with respect to the first modal shape, Figure 5. 
 
 
 
 
Figure 3: Vibro-acoustic test set-up, LS2 sample. 
 
 
 
  
 
(a) FRF - LS2 
 
(b) FRF - LS4 
  
 
(c) FRF - 43-1 
 
(d) FRF - E2 
 
Figure 4: Vibro-acoustic spectrograms, impact excitation. 
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Figure 5: Modal damping level, FRF [g/N], Mode I. 
 
4 SOUNDPROOFING PROPERTIES INVESTIGATION 
The acoustic test has been carried out in order to define the transmission loss (TL) level with 
reference to each structural configuration [11]. Therefore, the test has been performed as 
follows: the sound source must be placed in an environment that ensures a reverberating 
acoustic field so that there is no influence from the direction of the measurement. Therefore, a 
loudspeaker has been positioned on the bottom, inside a reverberating box, Figure 6. 
 
 
 
 
(b) Reverberating box with speaker 
 
   
(a) Experimental scheme  
 
(c) Panel installation 
 
Figure 6: Sound intensity measurement, test set-up. 
 
Relying upon the sound intensity measurements carried out by a PP probe, first only on the 
discarded casing and then considering the panel as cover too, the transmission loss has been 
evaluated by the difference of these two values, Figure 7. The trend shows a good sound 
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insulation capability of the 43-1 sample, extended on most of the analysed spectral window, 
as already observed in the FRF in Figure 4 (c), in which the resonance peak, well captured by 
the accelerometer sensor, is instead drastically damped in the acoustic measurement. 
 
 
 
Figure 7: Sound Transmission Loss. 
 
5 CONCLUSIONS AND FURTHER DEVELOPMENTS 
The extensive and growing use of composite materials in aeronautical constructions, 
including for primary structure elements, requires more information on their behaviour, not 
only from a structural point of view but also from the vibro-acoustic one [15]. Current 
research is moving toward implementing these solutions in the field of transport engineering, 
especially for civil aircraft. Moreover, the composite materials, unlike the metallic alloys, can 
include in their layup other chemical components, targeted to improve certain performance. In 
this framework, the authors focused on the vibro-acoustic assessment of laminate samples 
distinguished by innovative nano-filler treatments. Such work is part of a depth experimental 
campaign aimed at the full characterization of innovative technology solutions, as the carbon 
nanotubes, to well get their effects on the standard laminates. The modal damping and 
transmission loss function have evaluated by several laboratory tests on four different panels. 
Such testing procedures allow for having a suitable database for any future applications. 
Starting from laboratory parameters estimated on simple components, the next step will 
concern the development of validated numeric models, which can then be extended to more 
complex structures. 
 
REFERENCES 
[1] L. Vertuccio, L. Guadagno, G. Spinelli, P. Lamberti, V. Tucci, S. Russo. Piezoresistive 
properties of resin reinforced with carbon nanotubes for health monitoring of aircraft 
primary structures. Composites Part B (2016). 
[2] X. Song, S. Liu, Z. Gan, Q. Lv, H. Cao, H. Yan. Controllable fabrication of carbon 
nanotube polymer hybrid thin film for strain sensing. Microelectronic Engineering, 86, 
pp. 2330-2333 (2009). 
Nano-filler technologies characterization for smart aeronautical applications 
 Arena, Vertuccio, Barra, Viscardi, Guadagno 
8 
[3] E. Häntzsche, A. Matthes, A. Nocke, Ch. Cherif. Characteristics of carbon fiber based 
strain sensors for structural-health monitoring of textile-reinforced thermoplastic 
composites depending on the textile technological integration process. Sensor and 
Actuators A: Physical, 203, pp. 189-203 (2013). 
[4] G. Barra, F. De Nicola, B. De Vivo, L. Egiziano, L. Guadagno, P. Lamberti, M. 
Raimondo, G. Spinelli, V. Tucci, L. Vertuccio, U. Vietri, R. Volponi. Enhanced electrical 
properties of Carbon Fiber Reinforced Composites obtained by an effective infusion 
process. In Nanotechnology Materials and Devices Conference (NMDC), IEEE 9th pp. 
88-91 (2014) 
 
[5] Y. Wang, A. X. Wang, Y. Wang, M. K. Chyu, Q. Ming. Wang. Fabrication and 
characterization of carbon nanotube–polyimide composite based high temperature flexible 
thin film piezoresistive strain sensor. Sensors and Actuators A: Physical, 199, pp. 265-271 
(2013). 
[6] R. F. Gibson, E. O. Ayorinde, Y. F. Wen. Vibrations of carbon nanotubes and their 
composites: A review. Composites Science and Technology, 67, pp. 1-28 (2007). 
[7] B. Neyciyani, S. Kazemi Najafi, I. Ghasemi. Influence of foaming and carbon nanotubes 
on sound transmission loss of wood fiber-low density polyethylene composites. Journal of 
Applied Polymer, 134 (29) (2017).  
[8] S. Bhattacharya, A. Alva and S. Raja. Modeling and Characterization of Multiwall Carbon 
Nanotube Reinforced Polymer Composites for Damping Applications. International 
Journal for Computational Methods in Engineering Science and Mechanics, 15, pp. 258-
264 (2014). 
[9] X. Zhou, E. Shin, K. W. Wang, C. E. Bakis. Interfacial damping characteristics of carbon 
nanotube-based composites. Composites Science and Technology, 64 (15), pp. 2425-2437 
(2004). 
[10] A. Eichler, J. Moser, J. Chaste, M. Zdrojek, I. Wilson-Rae and A. Bachtold. Nonlinear 
damping in mechanical resonators made from carbon nanotubes and graphene. Nature 
Nanotechnology, 6 (6), pp. 339-342 (2011).   
[11] W. A. Orfali. Acoustic Properties of Polyurethane Composition Reinforced with 
Carbon Nanotubes and Silicon Oxide Nano-powder. Physics Procedia, 70, pp. 699-702 
(2015). 
[12] L. Guadagno, M. Raimondo, G. Barra, L. Vertuccio, R. Volponi, G. Cosentino, F. De 
Nicola, A. Grilli, P. Spena.  Development of multifunctional carbon fiber reinforced 
composites (CFRCs). AIP Conference Proceedings, 1599 (1) (2014). 
[13] L. Guadagno, U. Vietri, M. Raimondo, L. Vertuccio, G. Barra, B. De Vivo, P. 
Lamberti, G. Spinelli, V. Tucci, F. De Nicola, R. Volponi, S. Russo. Correlation between 
electrical conductivity and manufacturing processes of nanofilled carbon fiber reinforced 
composites. Composites Part B: Engineering, 80, pp. 7-14 (2015). 
[14] M. Viscardi, M. Arena, G. Barra, L. Guadagno. Structural Performance Analysis of 
Smart Carbon Fiber Samples Supported by Experimental Investigation. International 
Journal of Mechanics, 10, pp. 376-382 (2016).  
[15] M. Viscardi, M. Arena, G. Barra, L. Guadagno. Smart carbon-epoxy laminate with 
high dissipation properties for vibro-acoustic optimization in the turboprop aircraft. 
International Journal of Mechanics, 11, pp. 51-57 (2017).  
